A new fission product (FP) chain model has been studied to be used in a BWR lattice calculation. In attempting to establish the model, two requirements, i.e. the accuracy in predicting burnup reactivity and the easiness in practical application, are simultaneously considered. The resultant FP model consists of 81 explicit FP nuclides and two lumped pseudo nuclides having the absorption cross sections independent of burnup history and fuel composition. For the verification, extensive numerical tests covering over a wide range of operational conditions and fuel compositions have been carried out. The results indicate that the estimated errors in burnup reactivity are within 0.1%Dk for exposures up to 100GWd/t. It is concluded that the present model can offer a high degree of accuracy for FP representation in BWR lattice calculation.
I. Introduction
For the analysis of the burnup reactivities of nuclear fuels or reactor cores, fission product (FP) poisoning which originates from the accumulation of a large number of FPs during burnup needs to be calculated with good accuracy. In practical calculation, a variety of FP chain models containing a few tens of explicitly treated nuclides and one or more lumped pseudo nuclides with various lumping schemes have been employed. The broad spectrum of the models arises from different treatments of several important issues such as the number of explicit nuclides to be chosen, evaluation of weighting factors for lumping and methods of minimizing the impact of the decoupling between the explicit nuclides and the remainder on the accuracy of the model. Hereafter the nuclides to be lumped into lumped pseudo nuclides are named"pseudo-group nuclides". Earlier models developed prior to 1970's mostly consisted of less than twenty explicit nuclides and a few lumped pseudo nuclides since complex and precise models for attaining high accuracy were impractical , reflecting the limited computer performance then available(1)(3) .
In subsequent refinements done by several researchers. sophisticated models with many more explicit nuclides have been proposed . Iijima et al. proposed an FP model containing 45 explicit nuclides and one lumped pseudo nuclide for BWR lattice calculations (1) . Although only one lumped pseudo nuclide with its absorption cross section independent of burnup history was introduced in this model, the estimated error in the burnup reactivity was within 0.1%Dk up to 40GWd/t. The result indicates that introduction of two or more lumped pseudo nuclides and the burnup dependence of the pseudo cros s section is not necessarily required for proposing a model with high accuracy, when the explicit nuclides are carefully chosen. The recent trend toward lengthening the fuel exposures, however, requires further refinement of the model in order to predict the burnup reactivity over a broader burnup range. One of the solutions to this is clearly to increase the number of explicit nuclides. The other would be to divide the pseudo-group nuclides into two or more subgroups to model the buildup of the pseudo-group nuclides more precisely, and then to introduce the corresponding number of the lumped pseudo nuclides (5) (6) .
In line with the above statement, in the present study a two-lumped pseudo FP model which is capable of predicting the burnup reactivity for BWR fuel within 0.1%Dk for exposures up to 100GWd/t was proposed. One of the lumped pseudo nuclides represents the direct descendant of fissionable nuclides and the other accounts for the buildup of the pseudo-group nuclides originating from the depletion of the explicit nuclides. A total of 81 FP nuclides are treated explicitly to satisfy the accuracy goal for reactivity prediction. In the course of the present study the ORIGEN2 code was used as a numerical benchmark tool to estimate the weighting factor for lumping the pseudo-group nuclides and to test the model. The validity of the resultant two-lumped pseudo model was shown through the numerical study and the applicability of the present model to a wide range of BWR fuels was discussed. Fig. 1 illustrate the various isotopic transmutation pathways between the explicit and pseudo groups; the wavy arrows denote the fission yields, the horizontal arrows the neutron capture reactions, the vertical arrows the decays. In the FP models, hundreds of nuclides in the pseudo group are treated as one or two lumped pseudo nuclides, and this leads to the decoupling of the isotopic transmutations between the explicit group and the pseudo group. To make the implication of the decoupling clearer, let us further divide the two groups into subgroups. The nuclides in the explicit group can be further classified into two subgroups: strong absorbers and explicit precursors. The strong absorbers significantly contribute to the total neutron absorption.
The explicit precursors directly feed the strong absorbers through neutron capture or decay chains, and account for the delayed production of the strong absorbers. Similarly nuclides in the pseudo group are classified into four subgroups: reaction precursors, decay precursors. sinks and weak absorbers. The reaction precursors and the decay precursors feed the explicit nuclides through the neutron capture and decay chains, respectively. In contrast to the previous two subgroups, the sinks are in the down stream of the neutron capture and decay chains in which the explicit nuclides are involved, and represent the terminal absorption. Only the weak absorbers are well isolated from the explicit nuclides. Evidently, lumping the pseudogroup nuclides together into one lumped pseudo nuclides makes the isotopic transmutation through the pathways D1, D3, R1, and R3 impracticable, and results in the decoupling between the explicit nuclides and the pseudogroup nuclides. This implies that merely lumping the pseudo-group nuclides together cannot be a good lumping scheme.
Fortunately, as Iijima's one-lumped FP model demonstrated, up to moderate exposure (<40GWd/t), the decoupling does not adversely affect on the accuracy of those FP models containing about 45 explicit nuclides. This, however, would not hold true in higher exposure region, say 100GWd/t, because the neutron absorption of the sinks no longer negligible. Furthermore, note that accumulation behaviors are different between the sinks and the others, i.e. nuclides except the sinks accumulate linearly as burnup, while the sinks do in higher order.
It is, then, preferable to propose a two-lumped FP model in which the sinks are separately treated as a second lumped pseudo nuclide fed from the explicit nuclides. This extension from one-lumped pseudo FP model enables the present two-lumped FP model to retain the effect of the isotopic transmutation pathways, D1, D3 and R3 (see Fig. 2 ). As a result the error in the burnup reactivity are successfully reduced, particularly in higher burnup region. In addition, the two-lumped FP model attains the required accuracy with lesser explicit nuclides than most of one-lumped models do. The features of the model are as follows: (1) Two kinds of lumped pseudo nuclides are introduced, LP1 and LP2. LP1 works as a lumped neutron absorber which represents the direct descendant of fissiles. LP2 plays the role of the terminal absorbers, or sinks, which account for the buildup of the pseudo-group nuclides produced by the depletion of the explicit nuclides, and are assumed to have no fission yield. (2) The fission yield pathway FY4 in Fig. 1 is switched Fig. 1 Diagram of isotopic transmutation taking place between the pseudo group and the explicit group
The broken lines show the isotopic transmutation from the pseudo group to the explicit group , and vice versa, Ri (i=1 , 3) and Di (i=1, 3) denote the neutron capture reactions and the decays between the different groups , respectively, while FYi (i=1, 6) denotes the fission yields into each subgroup. (3) R3P and D3P, being analogous to R3 and D3 in Fig. 1 , account for the buildup of the pseudo-group nuclides as burnup and respectively represent the neutron capture reactions and the decays taking place between each of the explicit nuclides and LP2. (4) The effect of the pathway R1 in Fig. 1 is neglected, since this effect is rather small compared to those of D1, R3, and D3.
Model Parameters
In order to estimate the neutron absorption rate of the lumped pseudo nuclides, their neutron capture cross sections and fission yields are necessary. According to the definition of the lumped pseudo nuclides illustrated in Fig. 2 , the expressions of the pseudo cross section aikp and the fission yield yklp for the k-th lumped pseudo nuclide can be written as (1) (2) where w(i ,e) denotes the isotopic concentration of nuclide i at an exposure e , sa(i) the absorption cross section, yklp(i) the fission yield from a fissile j . As opposed to an ordinary physics constant, sklp varies depending on the amount of burnup e as well as the irradiation conditions, such as flux level, and fuel composition through w(i,e). This sort of dependence of a sklp on the burnup parameters introduces certain complexities into the application of the FP models to practical problems. It is therefore preferable to assume the pseudo cross sectionsklp . t o be exposure independent. As will be shown later, a careful choice of the explicit nuclides leads to the fairly flattened curve of sklp over a wide range of exposures, particularly in higher burnup region where the accumulation of FP nuclides becomes appreciable. Consequently, the value of sklp at some point of exposure can be chosen as a representative constant. Furthermore the value of sklp is assumed to be the same for LP1 and LP2, that is
This is because a preliminary calculation shows that there is no advantage in proposing an accurate model by evaluating s1lp(e) and s2lp(e) independently. The other parameter yklp(j) can be readily determined as a constant since the right-hand of Eq. (2) contains only physics constants. Through the above discussions, it is seen that the FP model can be fully described in terms of the FP chain and the weight factors required to evaluate the pseudo cross section slp.III . Numerical Method What is required for the numerical tools to study the FP model is the abilities (1) to estimate the burmip behavior of neutron absorption rate and the isotopic concentration w(i,e) for most of the known FP nuclides, and (2) to test the FP model containing a certain number of the explicit nuclides and the lumped pseudo nuclides. The most promising numerical tool currently available would be the ORIGEN2 code, which simulates the isotopic transmutation including 879 FP nuclides under a given burnup condition (7) . Moreover the ORIGEN2 code has the potential to predict the FP poisoning for a reduced FP chain, instead of the provided full chain, by properly modifying the library data for decays, fission yields and cross sections as summarized in Table 1 .
In this modification the library data of the pseudo group nuclides are set to zero except for a limited number of special ones which serve as the lumped pseudo nuclides and the unimportant precursors in the FP chain, whereas those of the explicit nuclides are left unchanged. For the nuclides assigned to the lumped pseudo nuclides, their library data are replaced with the corresponding pseudo constants of either LP1 or LP2. In reality there is no definitive way of choosing the special locations (or nuclides) in the ORIGEN2 library where the pseudo constants are recorded, but plausible ones are as follows (see also Fig. 3 ): First 3H is chosen as a nuclide which plays a role of LP1 in the FP chain. The library data of 3H are then replaced with those of LP1. This is because 3H is thought to be well isolated from the other nuclides in the FP chain, and has negligible contribution to the evaluation of the neutron absorption due to the pseudo-group nuclides in Table 1 . In contrast to LP1, the pseudo constants for LP2 must be substituted into more than one location in the library, since LP2 directly links to a number of explicit nuclides through neutron capture reaction and decay. This implies LP2 needs to be represented as multiple sinks having the same pseudo constants rather than a single lump. For practical purposes only the stable sinks should be treated as LP2, whereas unstable ones are treated as zero cross section nuclides, otherwise those LP2's which originate from the unstable sinks must feed the explicit nuclides. The zero cross section nuclide cannot be seen as a nuclide of any kind in the chain, but its nuclear data in the ORIGEN2 library are assumed to be unaltered except for the cross section being set to zero. For the unimportant precursors, in turn, their decay and fission yield data are left unchanged , and the cross section is set to zero, to establish the cumulative fission yield FY4P. Figure 4 illustrates the calculational procedure from the evaluation of the weight factor w(i,e) and subsequent slp to the test of the FP model in which the results of the burnup reactivities calculated with the full chain and the reduced chain are compared with each other. Here the typical BWR operating conditions are assumed for the ORIGEN2 calculation as listed in Table 2 . To make the numerical study easy and free from human errors , a UNIX shell program utilizing the ORIGEN2 code as a numerical kernel has been developed to automatically execute all the steps in Fig. 4 . It takes about few minutes to run a single case for a contemporary workstation. In the ORIGEN2 burnup calculation the lumped pseudo nuclides inevitably deplete at the rate proportional to slp's. Although this contradicts the definition of the lumped pseudo nuclides as being unburnable , the amount of the depletion would cause the negligible error in the final results, because the values of slp's are fairly small.
IV. Results
Initially 45FP nuclides were chosen as the explicit nuclides, which are the same as those of Iijima's model (4) . In that model to suppress the dependence of the pseudo cross section on burnup history , the explicit nuclidesh ad been carefully chosen by considering not only the strength of neutron absorption rate during the burnup , but also the delayed production of the strong absorbers. Furthermore, nuclides necessary to represent the Gd isotopes burnup chains were also treated explicitly. As a result, the 45 explicit nuclides take not only higher ranks in worth, but also spread to moderate ranks as shown in Fig. 5 (see atomic symbols marked (I)). Next additional 25 major neutron absorbers marked (M) were chosen such that the nuclides ranked in the top 60 in worth were treated explicitly , except 115In which seems to be fairly isolated in the chain. By doing this adequate saturation of the explicit neutron absorption is expected. Furthermore, 8 nuclides marked (P) were chosen as additional explicit precursors with which the vacancies in the FP chain were filled to avoid the underestimation of the delayed production of the strong absorbers. Finally 159Tb , 160Tb and 160Gd, marked (G) were introduced for a future extension of the Gd tail-end chain . The resulting FP chain model containing 81 explicit nuclides and two lumped pseudo nuclides is shown in Fig . 6 . The validity of the present model, including the necessity of 81 explicit nuclides and two lumped pseudo nuclides, and the favorable behavior of the resultant pseudo cross section, will be demonstrated in the following paragraphs.
Following the calculational procedure shown in Fig. 4 the pseudo cross section slp(e) and the relative neutron absorption of the explicit and pseudo group nuclides were evaluated based on the ORIGEN2 full chain calculation. As illustrated in Fig. 7 the pseudo cross section a slp(e) is seen to be fairly constant for exposures greater than 20GWd/t. Figure 8 shows that the fractional contribution of the neutron absorption of the pseudo-group nuclides to the total neutron absorption is held below 0.25% up to 100GWd/t. These results suggest that slp(e) can be treated as a constant throughout burnup without losing any accuracy in predicting the burnup reactivity.
For testing this assumption quantitatively, it is necessary to choose an exposure point e=e0 at which the pseudo cross section slp(e0) is evaluated, and then the modified ORIGEN2 library is generated using the resulting value of slp(e0) along with the FP yields ylp(j, k). The reasonably best value of the pseudo cross section sl p(e0) was obtained at e0=20GWd/t, which minimizes the discrepancy in the burnup reactivity Kinf between the full and the present chain model, and the resulting pseudo constants are listed in Table 3 . The discrepancy in the burnup reactivity Kinf(81 Model)-Kinf (Full FP) is plotted in Fig. 9 for the present model along with a tentative one-lumped pseudo model which is given by simply setting s2lp=0 in Table 3 . By comparing the two error curves it turns out that LP2 is necessary to account for the accumulation of the pseudo nuclides through the depletion of the explicit nuclides. In fact introduction of LP2 effectively reduces the error in the burnup reactivity particularly in higher burnup region and is kept down to 0.023%Dk, or to half, at 100GWd/t. The small bump around 5GWd/t is due to a rather large discrepancy between slp(e) and slp(e0) as shown in Fig. 7 , but this in not essential. In Fig. 10 Furthermore, it is necessary to test the applicability of the present model to a variety of problems which cover various combinations of enrichments of fuel (1, 2, 3, 5, 7, 10wt%) and power levels (10, 25, 40W/g). As shown in Fig. 11 , the errors in the burnup reactivity are estimated to be less than +-0.07%Dk.
This implies that the assumption to treat the pseudo cross section as a constant rather than a function of the exposure and the burnup history does not cause an appreciable error which exceeds the accuracy goal of the present study (0.1%/Dk). In the previous section the two-lumped FP model was proposed and tested based on the BWR-U library attached to the ORIGEN2 code. If one simply replaces the BWR-U library with the BWR-Pu library in the procedure illustrated in Fig. 4 , then the present FP model can be tested for the Puf enriched fuel, or MOX fuel. Here, the question arises to what extent the order of importance of nuclides differs between the UO2 fuels and the MOX fuels. As shown in Fig. 5 , the worth of the top 60 nuclides is the same for the BWR-U library and the BWR-Pu library except for 91Zr, and no crucial differences can be seen in the neutron absorption nature between the two. This means the 81 explicit nuclides chosen for the UO2 fuel are equally applicable to the MOX fuel.
For further generalization of the FP model, it is of interest to explore a unified version of the weight factors wU-Pu(i,e) which is equally applicable to both the UO2 and MOX fuels without losing any accuracy in predicting the burnup reactivity. A simple expression for w U-Pu(i ,e) can be written as wU-Pu(i,e)=(wU(i,e)+wPu(i,e))/2,
where wU(i,e) and wPu(i,e) denote the weight factors for the UO2 and MOX fuels, respectively. Again following the procedure described in the above, the model parameters were evaluated using the unified weight factor at an exposure of 30GWd/t, and the resulting val- Abscissas: 18 cases, 3 power levels forevery 6 enrichments, are plotted. Case 8 is for the reference case shown in Fig. 9 .
ues of the pseudo cross section for the UO2 and MOX fuels are 0.157b and 0.145b, respectively. The errors in the burnup reactivities then lie within +-0.1%Dk as shown in Figs. 12(a) and (b). It is therefore numerically proved that wU-Pu(i,e) can serve as the unified weight factor for the UO2 and MOX fuels.
Multigroup Pseudo Cross Section
The numerical results presented so far were based on one energy group treatment of the ORIGEN2 code. This however does not impose any limitation on the present discussion, particularly in generating a multigroup pseudo cross section from a pointwise database. Let us recall Eq. (3) that shows the weight factor is independent of the neutron energy. This indicates lumping the group cross section does not interfere with averaging pointwise cross section over a group energy interval. Rather, in an attempt like this care must be devoted to ensure that the cross section data compiled in the corresponding nuclear data library must be available for most of the FP nuclides involved in the burnup calculations of the ORIGEN2 code. Let us take the ENDF/B-V library as an example. ENDF/B-V contains all of the data for the 81 explicit nuclides and part of that for the pseudo nuclides, that is 112 out of the total of the 802 pseudo-group nuclides. Although the figure of 112 against 802 seems to manifests the large incompleteness of the data in the ENDF/B-V for the present purpose, Fig. 12 Range of Kinf error for the UO2 and MOX fuels estimated with the unifi ed weight factor( see the caption in Fig . 11) those missing in ENDF/B-V are for mostly short-lived or weak neutron-absorption nuclides, and are believed to be unimportant in the evaluation of the multigroup cross section. In reality, the results of the ORIGEN2 full-chain calculations for the UO2 fuels and the MOX fuels show that the 112 pseudo-group nuclides as a whole account for more than 97% of the total neutron absorption of the pseudo-group nuclides throughout burnup as illustrated in Fig. 13 . Thus, the substitution of the cross section data from other sources for those missing data may not affect the accuracy in evaluating the pseudo constants. Obviously the situation is almost the same for ENDF/B-VI and JENDL-3.2. It can be concluded that the explicit nuclides chosen in the present study are not peculiar to the ORIGEN2 library, and the evaluation of the pseudo cross section with the nuclear database other than the ORIGEN2 library is possible. It is therefore straightforward to evaluate a multigroup pseudo cross section using known nuclear data libraries, such as ENDF/B-V, ENDF/B-VI and JENDL-3.2, for the present model.
Reliability of the ORIGEN2 Library in Higher Burnup Region
In the ORIGEN2 calculation the change in the neutron energy spectrum during burnup is taken into account by introducing an exposure dependence into the cross sections of the twenty major actinides in table form. The cross section at any exposure point is thus calculated by interpolating or extrapolating the tabulated data with the maximum exposure of 30GWd/t (8) . Beyond the maximum exposure the cross section is merely extrapolated as a constant . Here a question arises as to the results from the ORIGEN2 code at exposures far beyond the maximum exposure, say around 100GWd/t, maintain the sufficient accuracy required for the present p urpose. As was discussed in Chap. IV, the measure of the accuracy of the model is given by the subtraction of Kinf(81 Model)-Kinf (Full FP), and is insensitive to the detail of the neutron energy spectrum specific to the fuel type, such as UO2 or MOX. This in turn suggests that the results calculated with the constantly extrapolated cross section for exposures beyond 30GWd/t are quite adequate to the preset purpose.
VI. Conclusion
In an attempt to develop a highly accurate FP model up to extremely high burnup region, an FP chain model which contains 81 explicit nuclides and two lumped pseudo nuclides was proposed. The feature of the model is the existence of the two lumped pseudo nuclides. The first lump LP1 works as the direct descendants of fissiles and the second lump LP2 accounts for the buildup of the pseudo nuclides originating from the depletion of the explicit nuclides, which becomes important in moderate and higher burnup region. As a result the combination of the choice of the large number of explicit nuclides and the introduction of the two lumped pseudo nuclides makes the present model highly accurate even with the crude approximations to the pseudo FP cross section being held constant and the same for LP1 and LP2. In the course of the present study the ORIGEN2 code was used as a numerical benchmark tool to estimate the neutron absorption rate of the numerous FP nuclides and the cross section of the lumped pseudo nuclides, and to test the model. After the numerical tests it can be concluded that the present model offers a high degree of accuracy in predicting the burnup reactivities of the MOX as well as the UO2 fuels in BWR over a wide range of exposures and operational conditions; that is the accuracy goal of 0.1%Dk for exposures up to 100GWd/t is considered to be satisfied.
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